The measurement of the Seebeck coefficient and resistivity was performed for a direction of the axis of the single crystal of Bismuth-Antimony in a magnetic field. The magnetic field effects were observed experimentally. We calculated the shape effects on the sample of the magnetic field using a two-dimensional computer code; effects studied included the Hall effect, thermoelectric effect, Nernst effect, and the Leduc-Righi effect. Considering phenomenological equations, we compared experimental results utilizing single crystal Bismuth-Antimony and calculations. The results are in good agreement between 0 and 4 Tesla. It is thus shown both by experiment and calculation that the electrode shape of the thermoelectric element causes variation in the Seebeck coefficient and resistivity.
Introduction
The magnetic field dependence of thermoelectric power and electric resistance are known in the case of thermoelectric semiconductors [ 1, 2] . The apparent Seebeck coefficient and resistivity (called magnetoresistance) vary under different magnetic field. Thermal conductivity decreases with an increasing magnetic field as regards the Bismuth-Antimony single crystal [l] . Each parameter of the figure of merit is apparently varied by attaching electrodes and selecting a particular semiconductor shape under a magnetic field [2, 3] . These effects have been studied theoretically by solving phenomenological equations governing thermoelectric and thermomagnetic phenomena of solids (Okumura et al. [3] ).
Some reports have observed increases in the figure of merit of Bismuth-Antimony [l] . Other reports have shown that the figure of merit decreases in magnetic field [4, 5] . To account for this paradox, we began our study by employing single crystal Bismuth-Antimony and calculations considering phenomenological equations. The purpose of this study is to investigate sources of variance that affect the parameters of the figure of merit. We compare experimental results and calculations, and present our results based on a single crystal Bismuth-Antimony alloy.
Experiment
Bismuth-Antimony single crystal of the n -type was utilized to measure the Seebeck coefficient and resistivity in a magnetic field. The atomic ratio of Bi and Sb was chosen as 88 : 12. This was not doped at all, namely intrinsic semiconductor.
The size of Bismuth-Antinomy was 15 x 5 x 1.4 mm. The crystal axes, size, and electrodes used for this sample are shown in Fig. 1 . To short the plane electrically, two electrodes made of copper (0.1 mm thickness) were completely fixed by solder as binders on the side of a 1.4 x 15 mm plane (binary and trigonal planes). Three lead wires (76 pm copper lead covered with Teflon) and a thermocouple made of AuFe-Cromel were attached
Bisectrix
Solder to attach to each electrode by a spot welder. One lead was used to measure the output voltage and the other lead was used to introduce a current into the Bismuth-Antimony. The temperature of the Bismuth-Antimony on each side was measured by the thermoregion. The direction of the magnetic field was perpendicular to the 5 x 15 mm plane of the Bismuth-Antimony (binary and bisectrix planes). A PC-based data acquisition system (National Instruments) was used to monitor the coil current, temperature, couple because the thermal conductivity of copper is very large compared to that of Bismuth-Antimony. The sample was attached to two copper electrodes and was installed in a sample holder, which consisted of two copper blocks and a rail ( Fig. 2 (b) ). Two copper electrodes were sandwiched between each copper block by an AlN sheet (0.25 mm thickness) to avoid the shorting; one side of the sample was placed on a Kapton sheet heater between the copper electrode and the AIN to produce a temperature difference. One copper block was completely fixed, and the other block was smoothly moved along the rail of the sample holder. The copper blocks were connected with two springs to avoid cracking the sample due to thermal stress. The power of the spring was sufficient to fix the sample in the copper blocks during the experiment. To cool the sample, liquid nitrogen was poured over each copper block using flexible tubes, which were connected with inlet and outlet tubes per a copper block. The liquid nitrogen was then poured out the other side. The side with the inserted heater was always at a high temperature (Th), and the other side was at a low temperature (TJ. The typical and the and output ( Fig.2 (a) ). All of the signals were introduced into different isolation amplifiers with 10 kHz low pass filters; they were then recorded at a 2 Hz sampling rate by means of a 16-bit
The Seebeck coefficient was measured with increasing magnetic induction. The typical differential temperature was circa 1 K between the low and high temperature sides. Figs. 3-1 and 3-2 show the magnetic dependence of the apparent Seebeck coefficient a(B) and the relative Seebeck coefficient a(B)/a(O), respectively. Compared with other reports, the a(0) of the Bismuth-Antimony was very large. It is possible that the Seebeck coefficient is large when the semiconductor is intrinsic [7] . A discussion of the magnitude of a(0) would be beyond the scope of this presentation. The a(B) peaks at about 0.6 Tesla and am(B-0.6)/a(0) is about 1.18 from that of Fig. 3-2 , state what decreases with an increasing magnetic field over 0.6 T.
An external current (= 0.1 A) was introduced into the sample in order to estimate the resistivity q(B) using the following equation differential temperatures of the low temperature side were 95 -98 K and 1 K, respectively. It is assumed that the Seebeck coefficient and resistivity were not affected by temperatures in this range. Figure 2 shows the experimental apparatus. The sample holder with fixed Bismuth-Antimony was inserted into a magnetic coil [6] . To introduce a high magnetic field, a superconducting magnet coil in the cryostat was utilized and magnetic induction of 0 to 4 Tesla was generated in a vacuum chamber. The error of the magnetic field was 2 0.1 % in the sample
where J is the electric current density. Tis the temperature. From this equation, all magnetic resistance effects are included in q(B).
Due to a limitation in the apparatus, we only measured the resistance up to an unknown constant, which was determined by fitting the data to the theoretical values (q(0)=1.46 x 10 d52.m). We based our estimation of the resistivity of the Bismuth-Antimony without magnetic induction on other experiments at the conducted same temperature and sample. Our estimation was Figures 3 and 4 show the calculation results for the apparent Seebeck coefficient and resistivity, which are considered without electrodes and with electrodes, respectively. Here, "without electrodes" indicates the raw value from calculations [8] ; ''With electrodes", from the calculations, corresponds to the experiment. Of course, both Seebeck coefficient and resistivity are equal without magnetic induction (0 Tesla). The apparent Seebeck coefficient of the calculation without electrodes increases with an increase in magnetic induction up to 1.5 Tesla; almost no change occurs at a range exceeding 1.5 Tesla. However, the apparent Seebeck coefficient with electrodes has a peak of a(B+); it decreases with an increase in magnetic induction over the B, .
Comparison of experimental results and calculations
The latter tendency is in good agreement with the experimental results. The Seebeck coefficient of calculation with electrodes and the experimental results share a peak at the same magnetic induction. Relative resistivity obtained from the calculation without electrodes does not significantly change with an increase in magnetic induction. Thus, resistivity remains almost constant in this case. However, relative resistivity with electrodes changes significantly, which is a result in good agreement with experimental results.
A comparison of the experimental results and results from calculations with electrodes shows good agreement of the apparent Seebeck coefficient and resistivity (Figs. 3, 4) . From these results, we can conclude that electrode shape greatly influences the parameters of the figure of merit. In particular, resistivity varies according to whether the semiconductor is attached "with electrodes" or "without electrodes". Electrode shape must be taken into account if the figure of merit is to be estimated under a magnetic field. The effect of the electrode shape may be related to differences in the figure of merit as it increases or decreases with an increasing magnetic field.
Conclusion
Some reports have shown an increase in the figure of merit when a sample was exposed to a magnetic field. Other reports have shown just the opposite effect. To account of this paradox, we studied this problem by means of experiment and calculation. A comparison of the experimental results with those of calculations, using single crystal Bismuth-Antimony and phenomenological equations, respectively, shows good agreement between 0 and 4 Tesla as regards the electrodes of the semiconductor. We can therefore conclude that the Seebeck coefficient and resistivity both influence not only the shape of the thermoelectric semiconductor but the also shape of the electrode under a magnetic field. Experimental results and calculations demonstrate shown that the electrode shape of the thermoelectric element causes variation in the parameters of the figure of merit.
